Introduction
The Fe-Ni alloys are widely used in modern engineering and are, in particular, the basis of a large group of special alloys. It is known that oxygen is a harmful impurity in these alloys. Deoxidizing elements used upon alloy production allow one to obtain the final metal with low oxygen content and small amount of nonmetallic inclusions. Manganese and silicon are most often used as deoxidizing elements. Available thermodynamic data on the oxygen solutions in liquid iron 1, 2) and nickel 1, 3) are useful to estimate the oxygen solubility in the Fe-Ni melts 4) as well as effect of manganese and silicon on the oxygen solubility.
This study presents analytical and experimental investigations on the thermodynamics of oxygen solutions in the Fe-Ni melts containing manganese and silicon.
Thermodynamic Consideration
Reaction of deoxidizing elements R with oxygen in the Fe-Ni melt: The concentration of oxygen, which is in equilibrium with R, at a given R content can be calculated by the equation: The thermodynamic analysis of oxygen solutions in Fe-Ni melts containing manganese and silicon has been carried out. The deoxidation power of manganese essentially increases with the nickel content in melt. The solubility curves pass through a minimum, which shifts to lower manganese contents, as nickel content in melt increases. For alloys containing more than 50-60 % nickel, the minimal oxygen concentrations are obtained at manganese content equal to 1-1.5 %, the further increase of manganese concentration results in an increase of oxygen content. Silicon deoxidation power also increases with the increase of nickel content in melt, but not so sharply as in the case of manganese. In the range of silicon contents considered, no minimum was observed in oxygen solubility curves. Thermodynamics of oxygen, manganese and silicon solutions in the Fe-40%Ni melts has been studied experimentally in a temperature range of 1 823-1 923 K. With temperature drop, deoxidation power of both manganese and silicon increases. In the Fe-40%Ni melts in both cases it is higher than in iron but lower than in nickel. Dependence of oxygen concentration on manganese and silicon contents is expressed by empirical equations. Upon combined deoxidation with manganese and silicon, it is possible to obtain lower oxygen concentrations in metal, in comparison with separate deoxidation due to decreased activities of manganese oxide and silica.
where e i j denotes the interaction parameters when the component concentrations are expressed as mass percents.
The value [%O] (Fe-Ni) in the right-hand part of Eq. (7) can be expressed through the ratio ( (Fe-Ni) . This Eq. (7) takes the form:
The Gibbs energies, J/mol, for reaction (2) are quoted from the published data 5) :
For iron the reference literature 2) gives the values of the equilibrium constants of reaction (1) for the deoxidation of this melt with manganese and silicon: log K Mn(Fe) ϭϪ14 880/Tϩ6.67 ; log K Si(Fe) ϭϪ30 110/Tϩ11.40
For nickel the equilibrium constant of reaction (1) is given for the melts deoxidized with silicon as follows:
log K Si(Ni) ϭϪ15 680/Tϩ1.83 6) In other cases the values of the equilibrium constant of reaction (1) for Fe-Ni melts are calculated according to the scheme described above (Eqs. (2)- (6)).
The molecular mass for the Fe-Ni melts was calculated by the formula:
Based on a subregular model, the activity coefficients in dilute solution range g°R (Fe-Ni) and g°O (Fe-Ni) are represented by the following equation 7) :
where e i denotes the interaction parameters in mole fraction base.
The activity coefficients for iron and nickel are given in Table 1 .
Dependence of calculated values of the equilibrium constant for reaction (1) on the content of deoxidizing agent and nickel in the Fe-Ni melt deoxidized with manganese and silicon at 1 873 K is represented in Table 1 and Fig. 1 . The equilibrium constants are given for the reaction of deoxidizer with one atom of oxygen dissolved in melt, this allows one to more conveniently compare the above relationships. As is seen from the given data, the equilibrium constant of reaction (1) in both cases decreases with an increase in the nickel content in melt, which indicates an increase in the deoxidation power of both silicon and manganese. With manganese, the degree of this increase is much larger than that with silicon. (1), activity coefficients and interaction parameters for in the Fe-Ni melts at 1 873 K.
The interaction parameters for different melts (Table 1) are estimated from the following assumption:
In case of the deoxidation of iron-based melt with silicon and the residual silicon content in melt above 0.0022 %, an oxide phase contains only SiO 2 , 1) and a SiO 2 ϭX SiO 2 ϭ1. In the nickel-based melt, the silicon content in the presence of only SiO 2 is quite low, since nickel is characterized by the less affinity to oxygen in comparison with iron.
When iron-nickel melts are deoxidized with manganese, the oxide phase, in addition to MnO, also contains FeO and NiO. Therefore, it is necessary to consider the following reactions In the FeO-MnO system, the continuous series of solutions is observed both in the liquid and solid states 11) ; however, there are no published data on the NiO-MnO phase diagram. Therefore, based on the FeO-MnO phase diagram, as the first approximation, we assume that the oxide phase formed upon deoxidation of iron-nickel melts with manganese is the perfect solution (g MnO ϭ1, g FeO ϭ1, g NiO ϭ1). The manganese solutions in the iron-nickel melts are characterized by slight positive deviations from the ideality (Table 1 ) and the dependence of the manganese activity coefficient on its concentration in liquid iron at 1 843 K can be described 12) by the expression lg g Mn ϭ lg g°M n (1ϪX Mn ) 2 ; therefore, it can be assumed that, at the low manganese contents (X Mn Յ0.03), g Fe £1, g Ni £1, g Mn £g°M n for the iron-nickel melt. In this case, the following equations may be written:
A mole fraction of MnO in the oxide phase can be calculated by these three equations. The dependence of MnO mole fraction in the oxide phase on the contents of manganese and nickel in a melt 10) is shown in Fig. 2 . In ironbased melt, the MnO mole fraction in the oxide phase reaches to 0.3-0.5 at the low manganese content (Ͻ0.2 %). With increasing nickel and manganese contents in melt, the mole fraction of MnO in oxide phase increases also. For pure nickel, it approaches unity, i.e. practically the oxide phase consists of manganese oxide.
The dependence of equilibrium oxygen concentration estimated by Eq. (7a) on the contents of manganese and silicon in the Fe-Ni melts at 1 873 K is given in Fig. 3 . From the given data one can see that the manganese deoxidation power considerably increases with the increase of nickel content in melt ( Fig. 3(a) ). The oxygen solubility curves pass through the minimum, which shifts to the lower manganese content with increase of nickel content in melt. For alloys containing more than 50 % of nickel, the minimum oxygen concentrations are observed at the manganese content equal to 1-1.5 %.The deoxidation power of silicon also increases with the increase of nickel content in melt (Fig.  3(b) ). In considered range of silicon content no minimum was observed as seen from the oxygen solubility curves.
Experimental
Deoxidation of Fe-Ni melts with manganese and silicon (separately or together) has been studied experimentally by using Fe-40%Ni alloy in a wide range of temperatures and concentrations of deoxidizing agent. The experiments have been carried out in an induction furnace fed by an 10 kV · A HF generator. Carbonyl iron (99.99 %), electrolytic nickel (99.99 %), electrolytic manganese (99.99 %) and crystalline silicon (99.999 %) were used as a charge. The metal was melted in the Ar-H 2 atmosphere at temperatures of 1 823- 1 923 K in an alumina crucible in the case of manganese or manganese-silicon deoxidation and in a quartz crucible in the case of silicon deoxidation. Deoxidizing agents (Mn, Si) were introduced into the melt without breaking the furnace air-tightness; then this melt was held at a given temperature until equilibrium in Ar atmosphere. The temperature was measured by Pt-6%Ph/Pt-30%Ph thermocouple. Equilibrium being achieved, a sample was taken from the melt and analyzed for nickel, manganese and silicon. The oxygen concentration was determined by inert gas fusioninfrared absorptiometry.
Results and Discussion

Deoxidation with Manganese
The experimental results are shown in Fig. 4(a) as compared to the calculated lines. As is seen from the experimental data points, the manganese deoxidation power considerably increases with the temperature drop. Oxygen solubility curves pass through a minimum, which shifts to the lower manganese contents when temperature drops. Experimental values of the equilibrium oxygen concentration for the Fe-40%Ni alloy at 1 873 K are lie below the calculated lines. The distinctions between experimental and calculated data may be attributed to the fact that oxide phase contained small amounts of Al 2 O 3 along with MnO, FeO, and NiO, owing to reactions of oxide phase with alumina crucible used in these experiments.
Dependence 
Deoxidation with Silicon
The experimental results are given in Fig. 4(b) as compared to the estimated data. As is seen from the given data, the silicon deoxidation power considerably increases with the temperature drop. Dependence of oxygen concentration and value of log KЈ Si (KЈ Si ϭ[%Si][%O]) on the silicon content in melt and the temperature within the range of silicon concentrations considered can be described by the following empirical equations: The experiments have been carried out to study the deoxidation of the Fe-40%Ni with silicon at its low contents (0.009-0.08 %) at 1 873 K. Data obtained are plotted in Fig.  4(b) . The experimental finding that relationship between oxygen and silicon contents is not linear at [Si]Ͻ0.05% suggests the presence of iron-nickel silicates (Fe, Ni)O · SiO 2 as reaction products at such silicon concentrations. The K Si equilibrium constant determined by Eq. (27) at 1 873 K is in good agreement with the data above estimated (Fig. 1). 
Complex Deoxidation with Manganese and Silicon
Complex deoxidation with manganese and silicon gives lower concentrations of oxygen in metal due to a decrease in the activities of silica and manganese oxides. The deoxidation of the Fe-40%Ni alloy with silicon has been studied experimentally at the manganese content in melt equal to 0.05-0.06, 0.10-0.12, 0.20-0.22, and 0.48-0.51 % at 1 873 K. The results obtained are given in Fig. 5 . As is seen from these data, the manganese-silicon complex deoxidation enables one to obtain the lower oxygen concentrations than silicon deoxidation and the considerably less contents than manganese deoxidation. Dependence of oxygen concentrations in melt on the silicon content for each manganese concentrations range can be described by the following empirical equations: The region of silica-saturated silicates (a SiO 2 ϭ1) is bound by curve 1 (Fig. 5) , which corresponds to Eq. (22). These results agree with those of combined deoxidation of ironbased melts with manganese and silicon.
13) Solving Eqs.
(28) to (31) and (22) The activities of manganese oxide and silica in the deoxidation products can be calculated by the following formulas 14) : 15) are given in Fig. 6 . If it is assumed that MnO and SiO 2 were only present in the oxide phase during our experiments on manganese and silicon deoxidation, then, by plotting the estimated values of the SiO 2 activity (Table 2) on the line obtained in previous work, 15) it is possible to determine the MnO and SiO 2 mole fractions in the oxide phase ( the mole fraction (Table 3) is shown in Fig. 6 by dotted curve. As is seen from Fig. 6 , the dependence obtained in the present study agrees satisfactorily with the reported one. 15) Small discrepancy seems to be caused by small amounts of Al 2 O 3 dissolved from Al 2 O 3 crucibles at the experiment.
The values of KЈ (33) given in Table 2 Calculating KЈ (33) and assuming that activity coefficients of manganese oxide and silica calculated at [Mn]ϭ0.2% are available at different manganese and silicon contents in melt, it is possible to evaluate the silicon content by Eq. (37) and the oxygen concentration in the melts deoxidized with silicon and a couple of silicon and manganese by Eqs. Table 2 . Calculated activities of silica and manganese oxide for the combined deoxidation of the Fe-40%Ni alloy with manganese and silicon at 1 873 K. Table 3 . Calculated values of SiO 2 and MnO mole fractions in oxide phase. (41) and (22) (43) where a°M nO represents the activity of manganese monoxide in the silica-saturated oxide phase at 1 873 K, which equals to 0.230 ( Table 2 ). The relations of residual manganese and silicon contents for the boundary of immiscibility region in the MnO-SiO 2 system at 1 873 K are represented below and in Fig. 8 : On condition that the liquid products of deoxidation should be obtained as a result of deoxidation of the Fe-40% Ni melt and summarizing the data given above, the region of solid and liquid products of deoxidation with manganese and silicon at 1 873 K can be determined from the dependence given in Fig. 9 . Curve 1 separates manganese sili- cates saturated with silica from the silica solid solutions. Curve 2 is a boundary between liquid manganese silicates and the solid solutions based on manganese oxide in the MnO-SiO 2 system. The region between these curves corresponds to liquid manganese silicates in equilibrium with manganese and silicon in metal.
In the left-hand portion of this plot (Fig. 9 ) the zone (up to 0.05 % Si) of liquid silicates (iron silicates mainly) is shown, as the equilibrium oxide phase above the Fe-40%Ni melt contains Ͼ99 % FeO and Ͻ1 % NiO. 4) In addition, two straight lines in parallel to X-axis are drawn in the region of liquid silicates, which divide this region into three portions. These lines are drawn from the viewpoint of deoxidation kinetics. When the complex deoxidizer was used, for example, silico-manganese, processes of dissolution and oxidation proceed simultaneously. Thus, it is most probable to assume that deoxidation rate is controlled by the dissolution and diffusion of deoxidizing agent in a melt. Therefore, manganese and silicon react in amounts directly proportional to their contents in the deoxidizer. So, it is as optimum to assume [%Mn]/[%Si]ϭ1.4-8. Based on the reasons indicated, despite of the amount of manganese alloys added as a deoxidizing agent, the solid reaction products can be in the form of solid inclusions due to low diffusion rates.
Shaded zone (Fig. 9 ) represents liquid silicates formed after deoxidation with manganese and silicon. Within the region A deoxidation products should be in the liquid state under equilibrium conditions. However, if to consider the deoxidation process from viewpoint of kinetics or choice of deoxidizer composition through the ratio [%Mn]/[%Si], then, the liquid-solid products will be obtained after deoxidation using alloys with [%Mn]/[%Si] ratio Ͻ1.4. To form liquid manganese silicates, manganese should be consumed in amounts than those of silicon by a factor 1.4. Therefore, silicon is first oxidized, being precipitated in the form of solid inclusions and, when [%Mn]/[%Si] ratio increases, liquid silicates are formed. Formation of solid manganese oxide in the region B is possible due to the reasons similar to those indicated in the case of A region. With temperature drop, the range of the optimum manganese to silicon ratios in the deoxidizer narrows.
Conclusions
The thermodynamic analysis of oxygen, manganese and silicon dissolved in Fe-Ni melts has been carried out. The deoxidation power of manganese essentially increases with an increase in the nickel content in melt. The solubility curves pass through the minimum, which shifts to the lower manganese contents with an increase in the nickel concentration in melt. For alloys containing more than 50-60% nickel, the minimum oxygen concentrations are reached at the manganese content in melt equal to 1-1.5 % The further increase in the manganese content causes the increase of oxygen concentration.
The silicon deoxidation power also increases with an increase in the nickel content in melt, but not so sharply, as in the case of manganese. In the considered range of silicon contents, no minimum was observed in the oxygen solubility curves.
Thermodynamics of oxygen solutions in the Fe-40 %Ni melts containing manganese and silicon has been studied experimentally within a temperature range of 1 823-1 923 K. With temperature drop, the deoxidation power of both manganese and silicon increases. In the Fe-40%Ni melts, the deoxidation power of manganese and that of silicon are higher than in iron but lower than in nickel. Dependence of oxygen concentration on manganese and silicon contents is described by empirical equations. When complexly deoxidized with manganese and silicon, it is possible to obtain the lower oxygen concentrations in metal, in comparison with the individual deoxidation, due to the decrease in the activities of manganese oxide and silica in the oxide phase.
